Abstract-In this paper, a simple and compact tri-band multiple-input-multiple-output (MIMO) antenna for wireless applications is proposed. The antenna is composed of two symmetric monopoles placed a distance of 0.106λ 0 and occupies 0.26λ 0 × 0.25λ 0 board area. The tri-arm monopole offers operation over 2.1-2.7 GHz, 3.3-3.7 GHz and 4.9-5.35 GHz with percentage impedance bandwidth of 25%, 11.4% and 8.7%, respectively. An isolation greater than 20 dB is achieved by integrating a stub in the ground plane and adding a stub in the feed line. The structure exhibits stable gain and radiation patterns. Various performance metrics including envelope correlation coefficient (ECC), diversity gain (DG) and mean effective gain (MEG) are measured.
INTRODUCTION
Continuous ascent in the sharing of intense content and real-time information through multimedia has promoted reliable and high data rate communication in the telecommunication field. In addition, many services introduced in the market demand wide bandwidth while the radio spectra is becoming a rare commodity. Multiple-input-multiple-output (MIMO), a radio communication technology, utilizes the available bandwidth more effectively [1] . More isolated, compact modern devices encompassing multiple applications lay down two major constraints in the design of MIMO structures. Supreme constraint is the limited antenna substantial size, resulting in the reduction of the inter-element spacing in the MIMO structures. But the close proximity of the elements lead to pronounced mutual coupling resulting in the performance degradation of the system [2] . Several systems with isolation enhancement techniques including defected ground structures, neutralization line, meta-materials, decoupling strips and extended ground plane have been researched over the years [3] [4] [5] [6] [7] [8] [9] . However, there is a trade-off in the size, bandwidth and design complexity in these mutual coupling reduction techniques. Another constraint is to design a multi-band antenna in order to support multifunctional operations for communication standards.
Several methods have been devised to design a solitary radiating structure to operate on a number of bands instead of supporting many applications dedicated antennas in a particular device. This leads to the evolution of antennas resonating at multiple frequencies [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . A dual band dual polarized high isolation antenna offering more than 95% efficiency is proposed in [10] . Two element dual-band MIMO antenna with 20 dB isolation is stated in [11] where, each radiating element is F-shaped monopole while the isolation mechanisms consist of an elliptical slot and a parasitic patch. A microstrip line fed dual-band antenna using two unequal quarter wavelength slots featuring as radiators is proposed in [12] . In this antenna, a simple decoupling network consisting of a wide slit and a pair of narrow slots is employed to achieve isolation more than 20 dB. A 4-port dual-band MIMO slot antenna with 12 dB isolation operating at two WLAN frequencies is presented in [13] . A dual-band inverted-F MIMO antenna employs two meandering monopoles to obtain WLAN bandwidth while a meandering resonant arm and an inverted T-shaped branch on the ground plane form as decoupling devices to improve port isolation [14] . A system offering triple band characteristic is designed by loading a square loop antenna with CRLH unit cell [15] in which an isolation more than 15 dB is obtained by implementing an open ended I-shaped slot in the ground plane. A MIMO antenna incorporated with two symmetric triple-band antenna elements and two physical decoupling devices is reported in [16] wherein; each element is composed of three individual meander-line type inverted-L (MLIL) radiators corresponding to the specific triple frequency bands. On the other hand, mutual coupling due to spatial radiation and common ground plane is reduced by placing a winding meander line resonator in between the elements and a T-shaped slot cavity resonator in the ground plane. In [17] , a PIFA coupled by L-shaped monopole is employed to achieve tri-band operation where the port isolation is enhanced by embedding slits in the ground plane. A tri-band MIMO antenna designed for WLAN/WiMAX applications uses symmetrically placed C-shaped monopoles as the radiating elements [18] , and coupling reduction between the antenna elements is achieved by etching an ellipse ended step slot on the ground plane. A MIMO antenna composed of hexagonal patches or slots is designed to operate at multiple frequencies [19] . This arrangement contributed in reducing the mutual coupling more than 30 dB. However, the design of a compact multi-band MIMO antenna with significant isolation between the antenna elements is still a challenge for researchers.
In this paper, a simple and compact tri-band MIMO antenna with high isolation is proposed. The antenna provides tri-band response, and the operating bands can be independently controlled by altering the dimensions of the respective arms of the monopoles. A stub is integrated in the ground plane to realize isolation greater than 20 dB over 10 dB impedance bandwidths of 600 MHz (2.1-2.7 GHz), 400 MHz (3.3-3.7 GHz) and 450 MHz (4.9-5.35 GHz). In contrast to the systems considered in the literature, the proposed MIMO antenna is simple to design and occupies less board area.
DESIGN THEORY AND ANTENNA GEOMETRY

Design Theory
A multi-band monopole antenna can be designed using multiple branches in a monopole antenna. A tri-band antenna can be designed using three arms. An E-shaped tri-band antenna is reported in [20] . The longest arm of the antenna resonates at lowest frequency, while the shortest arm resonates at highest frequency. The resonant frequency depends on the length, while the bandwidth of a frequency band depends on the width of an arm. Thus, the three arms of an E-shaped antenna can independently control the three bands. Since the E-shaped antenna is symmetrical, one half of the E-shaped antenna can be removed, and half E-shaped antenna still offers the tri-band operation. Therefore, to have a compact MIMO antenna, a two-element half-E-shaped monopole antenna is designed as shown in Fig. 1 .
Along with the compact size, high isolation between the antenna elements is an important requirement of MIMO antenna. Since the electrical distance between the two elements is least at lowest operating band, it is imperative to design a MIMO antenna to operate at lowest band (2.1-2.7 GHz) with high isolation. Therefore a single rectangular arm monopole antenna is designed to resonate at lowest desirable frequency. The length of the antenna is determined using Eq. (1) [21] . The resonant frequency depends on the length while the bandwidth depends on the width of the rectangular monopole. To accommodate the other element, the length of the ground plane is increased. To design a compact MIMO antenna, the second element is placed at about 0.1λ 0 apart from the first element, where λ 0 is the wavelength in free space corresponding to the lowest operating frequency. The increase in length of the ground plane decreases the resonant frequency of antenna. The length of monopole is decreased to 70% of its original length so as to make the antenna to resonate at its initial frequency. The bandwidth of the antenna depends on the width of the rectangular arm.
To achieve at least 20 dB isolation between the two elements of antenna, a ground stub is integrated to the ground plane. This ground stub acts as reflector to the near fields and provides a decoupling path. The length of ground stub should be about 1.2 times the length of rectangular monopole so as to have the isolation more than 20 dB.
For antenna to operate over another band (3.3-3.7 GHz), a second arm is added to the first arm. Length of the arm is determined using Eq. (1) to resonate over middle band. However the length of the arm is decreased to counter the effect of increased ground plane length. Isolation > 20 dB can be achieved over middle band due to increase in the physical and electrical distance between the middle arms resonating at 3.5 GHz. Now, the third arm can be integrated to resonate at higher band (4.9-5.35 GHz). Antenna impedance matching, resonant frequency and bandwidth of three bands are tuned by integrating a λ/4 open circuit stub in the feed line. This stub is designed to act as a band notch filter above the higher band. The stub length, width and position determine the resonant frequency and bandwidth of band notch filter [22, 23] . The resonant frequency of the band notch filter should be more than the resonant frequency of higher band and its bandwidth should be optimized to obtain the desired bandwidth of the higher band. The stub acts as a capacitor below its resonant frequency and therefore affects the resonant frequency of all the bands. The effect is more prominent in the higher band and little in the lower band. Based on this design theory, a tri-band MIMO antenna is designed which offers S 11 < −10 dB and S 12 < −20 dB over 2.1-2.7 GHz, 3.3-3.7 GHz and 4.9-5.35 GHz.
Antenna Geometry
The MIMO antenna is designed on an FR-4 substrate of 1.6 mm thickness with dielectric constant (ε r ) of 4.4 and loss tangent (tan δ) of 0.02. The MIMO geometry is shown in Fig. 1 while the detailed antenna dimensions are listed in Table 1 . The prototype of the proposed system is fabricated to verify the simulated results. The top and the bottom view of the fabricated MIMO antenna are shown in Fig. 2 . The antenna occupies 38 × 37 mm 2 board area and is realized using printed circuit board etching technique. The evolution stages of proposed antenna and the simulated S-parameters of each stage are shown in Fig. 3 and Fig. 4 , respectively. 'antenna 1', a single band rectangular monopole with f 1 as lowest frequency (corresponding to VSWR = 2) is designed. Its dimensions L = 29.4 mm, W = 3 mm, g = 0 are determined using Eq. (1) [21] .
Here, the value of k = 1.15 is considered for the FR-4 substrate. As illustrated in Fig. 4 , the antenna offers a single band resonance at 2.1 GHz with higher order mode at 5.6 GHz. However, the radiation pattern at 5.6 GHz depicts higher order mode operation and consequently needs suppression. To accommodate the second element, ground plane dimensions are increased which results in 'antenna 2'. In monopole antenna, the ground plane dimensions affect the resonating frequency and impedance bandwidth, therefore,the lower band shifts to 1.6 GHz due to increase in the ground plane dimensions. The length of the monopoles of 'antenna 2' is decreased by about 70% or 19.5 mm to increase the lowest operating frequency and to suppress the higher order mode. This results in 'antenna 3'; however, the inter-element spacing of 0.106λ 0 leads to significant mutual coupling. In order to improve the isolation, a rectangular stub is protruded from the ground plane thereby forming 'antenna 4'. The length of the ground stub should be greater than the monopole length so that it acts as a reflector and reduce the mutual coupling due to near fields. This stub also provides a decoupling path and consequently limited amount of current couples to the neighbouring element due to surface waves. Fig. 5 (a) portrays the surface current distribution in 'antenna 4' at 2.4 GHz for different lengths (l s = 0.8l 1 or l 1 or 1.2l 1 ) of the ground stub, when one port of the antenna is excited while the other port is matched terminated with a load of 50 Ω. The surface current and the near fields which get coupled to second element, decrease with increase in the length of ground stub. The ground stub length, about 20% more than the length of the monopole, results in mutual coupling < −20 dB over the lower band from 2.1 GHz to 2.7 GHz. 'antenna 5' is evolved by integrating two arms to the already existing monopole in 'antenna 4'. The effective length of two arms l e2 and l e3 corresponding to two bands are calculated using (1). The effective lengths are reduced and optimized due to the increased ground plane dimensions. This antenna operates over 3.33-4.02 GHz and 5.32-5.89 GHz bands in addition to the 2.15-2.9 GHz band. S 11 < −10 dB and S 12 < −14 dB is obtained over 5.32-5.89 GHz in 'antenna 5'. Therefore, an improvement in the isolation and the impedance matching is required for the higher band. A stub in the feed line is introduced to improve the isolation in the higher band which results in the geometry of 'antenna 6'. The feed line stub is designed to act as a λ/4 open circuit stub at 6.5 GHz consequently behaving as a short circuit. Accordingly, return loss < 10 dB and isolation greater than 24 dB are achieved over 4.9-5.35 GHz. In addition, the antenna also provides isolation more than 20 dB over the lower and middle bands. This stub affects the impedance of antenna. The λ/4 open circuit stub behaves as a capacitor below its resonance frequency of 6.5 GHz so the impedance is more capacitive than one without a stub. As a result, the resonant frequency of each of the three band decreases when stub is integrated in the feed line of 'antenna 5' as evident from Fig. 4 . The stub acts as a band stop filter. The length, width and position of the stub affect the resonant frequency and bandwidth of band-stop filter, which in turn affects the impedance bandwidth of three bands. The effect of length, width and position of feed line stub is analyzed. S 11 and S 12 behavior against the parameter variations are displayed in Fig. 6 . The stub length, width and position is optimized to 5.7 mm, 0.6 mm and 6.2 mm respectively so that the stub resonates at 6.5 GHz and electromagnetically couple with higher band to provide return loss < 10 dB and isolation greater than 24 dB is achieved over 4.9-5.35 GHz.
The λ/4 open circuit stub acts as a capacitor below 6.5 GHz, and as a result the resonance frequency of the three band decreases when the stub is introduced in 'antenna 5'. As the length of the stub is decreased, the resonance frequency of the three bands increases. The effect is more prominent in the higher band than the lower band because at higher frequencies the decrease in stub length in terms of wavelength is more than lower frequencies, as evident from S 11 plot of Fig. 6(a) . Resonant frequency of As the width of stub is decreased, the impedance becomes more resistive, and the impedance plot shifts to the right. As a result, the antenna resonates at higher frequency. Therefore, as the width of the stub is decreased the resonance frequency of the three bands increases. The effect is more prominent in higher band than lower band as evident from the S 11 plot of Fig. 6(a) . The width of the λ/4 open circuit stub affects the resonant frequency and bandwidth of the band stop filter. The resonant frequency decreases and bandwidth of band-stop filter increases with increase in stub width as evident from S 12 plot of Fig. 6(b) .
The λ/4 open circuit stub position also affects the impedance of the antenna. When the stub is integrated, it introduces a capacitance which is formed between the radiating arms of antenna and the stub. When the stub is placed closer to the radiator, or as 'p f ' is increased, the capacitive effect increases, which results in the decrease in the resonant frequencies of three bands. The effect is more prominent in higher band than lower band as evident from S 11 plot of Fig. 6(a) . The stub position also affects the resonant frequency of the stub. The resonant frequency decreases when the stub is placed close to the radiating arm of the antenna due to increase in capacitive effect as evident from S 12 plot of Fig. 6(b) .
There is little change in S 12 for stub position, length and width over the range of parameter variation as shown in Fig. 6(b) , as antenna becomes non-responsive after 5.35 GHz due to feed stub. However, when the stub length is 6.7 mm, the stub resonates at 6 GHz, and its band notch bandwidth affects the higher band. It is observed that S 12 actually improves in 4.9-5.35 GHz band, but S 11 degrades. S 11 > −10 dB is obtained over 4.9-5.35 GHz. Therefore, the length, width and position of the feed stub affect the resonant frequency and the bandwidth of the band-stop filter which in turn affect the resonant frequency, impedance bandwidth and isolation of three bands. Without a stub, S 11 < −10 dB is obtained over 2.15-2.9 GHz, 3.3-4.0 GHz and 5.32-5.89 GHz bands, while S 12 < −20 dB, −18 dB and −14 dB are obtained over these bands respectively in 'antenna 5'. When stub is integrated in the feed line and its length, width and position are optimized, S 11 < −10 dB and S 12 < −22 dB, −20 dB and −24 dB are achieved over 2.1-2.7 GHz, 3.3-3.7 GHz and 4.9-5.35 GHz frequency bands, respectively.
The decrease in mutual coupling between the two elements in 'antenna 6' can be explained with the help of surface current distribution. The vector surface current distribution of 'antenna 6' at 2.4 GHz, 3.5 GHz and 5.25 GHz is depicted in Fig. 5(b) . The longest arm of the tri-band antenna resonates at 2.4 GHz. The length and width of this arm affects the resonance frequency and the bandwidth of lower band [20] . The ground stub provides a decoupling path for the surface current due to surface waves and near fields. It also acts as a reflector to the near fields. As a result there is considerable current in the ground stub which is 180 • out of phase to the current in the radiating vertical arms of the monopole. The middle and smallest arm act as directors and the surface current in these arms are in phase with the current in the longest arm. The surface current in the ground stub is significant at 2.4 GHz. As a result, only a small amount of current couples to the other element despite the electrical separation between the two monopoles is least at 2.4 GHz. S 12 < −22 dB is obtained over the lower band from 2.1-2.7 GHz. There is significant horizontal current on the upper edge of the ground plane between the longest arm and the ground stub which affects the radiation pattern. The radiation pattern is directive towards −X axis when port 1 is excited, and port 2 is match terminated. Because of the significant horizontal current, along with the vertical current in the longest arm, the shapes of the radiation patterns are identical in X-Z and Y -Z planes.
The middle arm of the tri-band antenna resonates at 3.5 GHz. The length and width of middle arm affect the resonance frequency and the bandwidth of middle band [20] . At 3.5 GHz, though the magnitude of the current in the ground stub decreases, there is little surface current which couples to the other element due to increase in the physical distance between the middle arms resonating at 3.5 GHz. Beside this, the electrical distance also increases with increase in frequency. As a result, S 12 < −20 dB is obtained in the middle band from 3.3 to 3.7 GHz. There is significant horizontal current in the horizontal arm connecting the longest and middle arms. The current on the upper edge of the ground plane below this horizontal arm is 180 • out of phase to the current in the horizontal arm of the monopole. Because of the significant horizontal current, along with the vertical current in middle arm, the shapes of the radiation patterns are identical in X-Z and Y -Z planes. The longest arm acts as a reflector for the middle arm resonating at 3.5 GHz. As a result, the surface current in longest arm is 180 • out of phase to the current in the middle arm. Consequently, the radiation pattern is directive towards −X axis when port 1 is excited, and port 2 is match terminated.
The smallest arm resonates at 5.25 GHz. The length and width of this arm affects the resonant frequency and the bandwidth of lower band [20] . The surface current which couples to the other element further decreases, due to increase in physical and electrical separation between the smallest arms of the tri-band antenna. At 5.25 GHz, the middle and longest arms act as reflectors. As a result, the surface current in the longest and middle arms are 180 • out of phase to the current in the smallest arm. At 5.25 GHz also, there is significant horizontal current in the horizontal arm connecting the three arms of the monopole which results in identical shapes of radiation patterns in X-Z and Y -Z planes. It is evident that the mutual coupling in 'antenna 6' is significantly reduced owing to the decrement in the surface current or near-field coupling due to ground stub.
FABRICATION AND MEASURED RESULTS
Simulated and Measured S-Parameters
The fabricated prototype is fed using the SMA connectors. The S-parameters are measured with Agilent 9916A network analyzer. The |S 12 | measurement is carried out by exciting one port and match terminating the other port.
Simulated and measured S-parameters of the MIMO are shown in Fig. 7 . It is evident that the results are in close agreement with each other. |S 11 | < −10 dB and |S 12 | < −20 dB are obtained for the desired operating bands viz. 2.1-2.7 GHz, 3.3-3.7 GHz and 4.9-5.35 GHz.
Radiation Characteristics and Diversity Performance
The measured radiation patterns for ϕ = 0 • (X-Z) and ϕ = 90 • (Y -Z) planes at 2.4 GHz, 3.5 GHz and 5.25 GHz are shown in Fig. 8 . The radiation patterns are measured in the X-Z and Y -Z planes, with port 1 or port 2 excited and the other port matched terminated. The radiation patterns are stable and are mirror images of each other deciphering antenna diversity. Radiation patterns in Y -Z plane and X-Z plane are identical because there is significant horizontal surface current either along the edge of the ground plane or in the horizontal arm connecting the vertical arms of the monopole, along with the current in vertical arm at 2.4 GHz, 3.5 GHz and 5.25 GHz, as evident from the vector surface current distribution shown in the Fig. 5(b) . The simulated and measured gains of the proposed structure are shown in Fig. 9(a) . The gain variation is less than 2 dB over the operating bands with more than 80% radiation efficiency. The diversity performance of the antenna system is analyzed by computing or measuring envelope correlation coefficient (ECC), diversity gain (DG) and mean effective gain (MEG). An improvement in fading can be achieved when the signals received from the antenna satisfy the following criteria [24] . ECC < 0.5 ( 2 ) MEG i /MEG j ∼ = 1 ( 3 ) ECC between the ith and jth elements is one of the figures of merit of a MIMO quantifying the correlation between the radiation patterns of the antenna elements. Thus, its evaluation takes into account the 3-dimensional radiation pattern rearranged in Equation (4) .
Where
MEG of the ith and jth antenna elements can be expressed as Eq. (5),
DG can be evaluated using Eq. (6) [25] , where, e ρ is an expression for the correlation efficiency, and CC is the correlation coefficient. The ECC plot is shown in Fig. 9(b) while the diversity performance metrics at 2.4 GHz, 3.5 GHz and 5.25 GHz are listed in Table 2 . ECC < 0.071 over the three operating bands.
The proposed MIMO antenna is compared with the other reported antenna structures with respect to physical and the electrical size, bandwidth, isolation and ECC in Table 3 . The proposed tri-band MIMO design is comparatively better in terms of size and exhibits a greater isolation than the structures proposed in [7, [13] [14] [15] [16] [17] [18] [19] . The design projected in [19] offers a better isolation but occupies a large board area. On the contrary, antennas in [13] and [15] engage less space at the cost of isolation. In addition, [13] and [14] present dual-band operation while the proposed antenna offers triple band performance with a relatively simple design.
CONCLUSION
A simple to design symmetrically placed dual-element MIMO antenna for wireless applications is presented in this paper. The radiating monopole composed of three arms regulates the tri-band operation (2.1-2.7 GHz, 3.3-3.7 GHz and 4.9-5.35 GHz) arbitrated by |S 11 | < −10 dB. An isolation of 20 dB is attained using a single rectangular ground stub and a feed stub in the three bands of interest. The evaluated MEGs, diversity gain and correlation coefficient substantiate the MIMO performance of the antenna.
